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Abstract 
The aim of this work was to develop a hybrid electronic tongue for the monitoring of wine fermentation and aging 
process. The system based on potentiometric (miniaturized ion-selective electrodes) and voltammetric (3-electrode 
electrochemical cells) sensors was applied for the assessment of the fermentation correctness and storage impact on 
the fermentation process as well as to detect a chemical/microbiological contamination. The chemometric analysis 
(PCA technique) allowed to recognize the stage of fermentation and to differentiate between aged samples stored 
under different conditions (standard storage conditions and modified conditions that caused deterioration of the 
samples quality). The obtained results proved, that the hybrid electronic tongue based on various electrochemical 
sensors can be used for the monitoring of wine fermentation process. 
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1. Introduction 
The alcoholic fermentation is one of the most important process of the biotechnology industry. During the 
alcoholic fermentation – an enzymatic anaerobic process – the products of saccharides degradation are obtained i.e. 
ethanol, CO2 and additional products. Alcoholic fermentation is the basis for the manufacturing of alcoholic 
beverages. Moreover, the wine production involves an interesting scientific issue from the point of view of 
monitoring of biotechnological processes. Basic researches indicated, that the accurate and thorough analysis of the 
fermentation and the evaluation of the impact of adverse effects on the quality of the final product are needed. 
Knowledge about the mechanism of processes, depending on the product properties and carrying out fermentation 
should be deepened. Standard analysis of this process is performed using analytical techniques such as HPLC or GC, 
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but the cost of these methods is relatively high. An alternative to those solutions are chemical sensors, that allow 
obtaining high selectivity and sensitivity of the analysis with the advantage of a low price.  
Electronic tongue is a device, which provides the liquid samples identification and classification [1]. It consists of 
a cross-selective sensor array and a pattern recognition block [2]. This system is often more sensitive, shows greater 
repeatability and in effect can be more reliable than the natural sense. The electronic tongue was employed to 
differentiate brands [3] and white wines from red [4], for monitoring the fermentation [5] and ageing process [6] as 
well as to determine the level of polyphenols found in wine [7]. Potentiometric and voltammetric measurements 
coupled with PCA, PLS and neural networks analysis were mainly applied in these reports. Particularly noteworthy 
is the use of potentiometric sensors array, voltammetric and multienzymatic biosensor (hybrid electronic tongue) for 
the sugars (glucose, fructose and maltose) and alcohol fermentation products (ethanol, glycerol) analysis [8]. 
In this paper, a hybrid electronic tongue (based on potentiometric and voltammetric sensors) was proposed for the 
recognition and classification of wine samples obtained during the fermentation process. 
2. Experimental 
2.1. Preparation of samples 
 
Firstly, a wine fermentation (white wine, Pinot Grigio type) was conducted in standard conditions (during 3 
weeks). On the next step, the storage conditions of the final product were modified (stored in high temperature, 
opened, exposed to direct sunlight, etc) - see Table 1. To observe the changes that occurred during this stage of wine 
production, samples were collected for 3 months, one sample every two weeks. 
 
Table 1. The tags of the samples stored in different conditions. 
Tag Information about storage conditions 
S standard 
UV exposed to direct sunlight 
T high temperature 
F held in plastic falcones 
O opened 
 
All samples were frozen and stored in -20°C. Just before the measurement, the samples were subsequently 
thawed and filtered through double filter paper and then analyzed using the hybrid electronic tongue. All 
experiments were performed in bulk solutions at room temperature. All studied samples were analyzed in five 
replicates. 
 
2.1. Sensor array preparation and analysis 
 
A flow-through sensor array composed of 10 miniaturized ion-selective electrodes sensitive towards: lipophilic 
cations, lipophilic anions, H+, Na+, and CH3COO- ions was prepared (two electrode specimens were prepared for 
each membrane composition). All measurements were carried out in cells of the following type: Ag, AgCl; KCl 3 M
ūCH3COOLi 1 Mūsample solution̴membrane̴internal filling solution; AgCl, Ag. Before the measurements 
with the electronic tongue system, the calibration curves and selectivity coefficients of the electrodes were 
determined to verify their proper performances. 
The three electrode arrangement with glassy carbon electrode as a working electrode was used for voltammetric 
measurements. The reference electrode potential was calibrated by using a ferricyanide electrode process in 0.1M 
phosphate buffer solution (pH 7.4). Cyclic voltammograms were registered in the samples solutions in the potential 
range from 0.1 V to 1.5V; only the forward scans were considered for further data processing. Due to the large 
number of data points, initial voltammetric signal compression involving discrete wavelet transform was carried out 
(rbio3.5 wavelet, a = 5). In addition, the pH and conductivity values of sample solutions were also recorded. 
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Data analysis was performed in MatLab 7.1 (The MathWorks, Inc., Natick, USA) and Origin (Microcal Software, 
Inc, Northampton, USA) software. Chemical images of the samples were processed using Principal Component 
Analysis (PCA). 
3. Results and discussion 
The results of the preliminary studies i.e. exemplary voltammograms recorded in the samples collected during 
different aging conditions were presented in Figure 1. According to our expectations, the voltammetric data were 
insufficient for the proper discrimination between samples stored under different conditions. Therefore, a further 
chemometric analysis of the data recorded by various electrochemical techniques was proposed. 
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Fig. 1: Exemplary voltammograms recorded in the samples collected during different aging conditions. 
 
The data matrix of the hybrid electronic tongue based on potentiometric and voltammetric measurements as well 
as on pH and conductivity values was constructed. Then, the chemometric analysis using the Principal Component 
Analysis (PCA) was performed. The obtained chemical images of the samples collected during different storing 
conditions created separated clusters in the three-dimensional graphs (see Figure 2).  
 
 
Fig. 2. 3D PCA plots of chemical images of samples collected during aging stage. 
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First of all, it was possible to distinguish the samples which were stored under standard conditions from those 
stored in the perturbed conditions. Moreover, the clusters representing consecutive fermentation samples were 
arranged chronologically according to the time of storage, enabling the estimation of the aging phase. 
 
The obtained results showed, that the application of a hybrid electronic tongue merging various electrochemical 
sensors provides a correct assessment of the changes that occurred during the production and storage of wine. 
Concluding, the hybrid electronic tongue can be an useful tool for the monitoring of the alcoholic fermentation 
process. The proposed device permits to evaluate the progress and the correctness of the fermentation process, 
including the detection of the presence of disturbing factors (e.g. chemical or microbiological contamination). 
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